Keywords 27 arterial spin labeling; image processing; multi-center; cerebral perfusion; quality control 28 3 Abstract 1 Arterial spin labeling (ASL) has undergone significant development since its inception, with a focus 2 on improving standardization and reproducibility of its acquisition and quantification. In a 3 community-wide effort towards robust and reproducible clinical ASL image processing, we 4 developed the software package ExploreASL, allowing standardized analyses across centers and 5 scanners. 6
For these reasons, the software package ExploreASL was initiated through the EU-funded ASL 16 workgroup COST-action BM1103 "ASL In Dementia" (www.aslindementia.org) with the aim of 17 developing a comprehensive pipeline for reproducible multi-center ASL image processing. To 18 date, ExploreASL has been used in more than 30 studies consisting of more than 10,000 ASL scans 19 from three MRI vendors -GE, Philips, Siemens, with pulsed ASL and pseudo-continuous ASL 20 comparison with perfusion templates from different ASL implementations, progress 7 report with processing history (provenance). 8 9
In the following sections, we review each processing step of the four ExploreASL modules as 10 outlined in Figure 1 and summarized in Table 1 . Each section starts with a brief methodological 11 review including the rationale within the context of ASL processing, followed by a detailed 12 description of the ExploreASL implementation, and ending with a discussion of emerging 13 developments and potential future improvements. registering with the structural data, and by 3.4) processing the M0 images. Then, 3.5) the CBF is 20 quantified with correction for hematocrit and vascular artifacts, after which 3.6) the PV effects 21 are corrected for. All image processing described below is performed in native space, unless 22 stated otherwise. All intermediate and final images are also transformed into standard space for 1 QC and group analyses. Figure 11 ) to detect technical failure, outliers and artifacts. QC parameters are also obtained by 1 comparing individual ASL images with an atlas, a group average, or an average from a previous 2 study. Whole-brain and regional differences larger than 2-3 SD are indicated and should be 3 visually inspected. Deviations can hint to software updates or different scanners and, if not 4 accounted for, can lead to low power of the statistical analyses (Chenevert et al. 2014). All QC 5 parameters and images are also collected in a PDF file (Figure 3 , Supplementary Table 2 ). While 6 these QC parameters can be helpful in detecting artifacts and/or protocol deviations, their use 7
Multi-sequence equalization
has not yet been validated, and the normal and abnormal range for each of the parameters still 8 need to be determined. Table 3 ). All three studies adhered to the Declaration of 19 Helsinki and were approved by the local ethics committees (Academic Medical Center (AMC) in 20 Amsterdam, Norwegian South East Regional Ethics Committee, and VU Medical Center 21
Amsterdam and University of Edinburgh, respectively). Written informed consent was obtained 22 from all participants (or parents of children younger than 12 years for NOVICE). Each participant 23 of the Sleep study received NOK 500 for participation. 24
25
The performance of image processing should be comparable between different centers, 26 independent of used hardware and OSes, to allow data pooling and comparison between studies. 27
Here, we investigated the between-center reproducibility of the intermediate and final pipeline 28 results without and with the ExploreASL-specific modifications of the SPM12, CAT12, and LST 29 source code (modifications described below). To this end, a single participant from each study 1 was analyzed: with the lowest GM volume from NOVICE and EPAD (GM/ICV ratio 0.41 and 0.33, 2 respectively), and the highest GM volume (GM/ICV ratio 0.55) from the Sleep study. These three 3 datasets were processed at two centers with the following combinations of OS and MATLAB propagate across the pipeline. To mitigate these effects, during the process of implementing and 19 using the pipeline for previous clinical studies, we modified parts of the SPM12, CAT12, and LST 20 toolboxes: e.g. using the MATLAB '\' operator for solving a system of linear equations instead of 21 32 calculating a matrix inversion, providing a separate C++ implementation for convolutions, and/or 1 rounding some calculations to 15 significant digits. and Population modules, respectively (27:25 min in total). On low quality, the same processing 6 took 7:30 min, 2:24, and 0:34 respectively (10:28 min in total) (Windows-2018b). Figure 4 shows 7 differences between populations or sequences on the ExploreASL population-specific parametric 8 maps. While the GM CBF was highest in the pediatric and lowest in the geriatric population ( Figure  9 4c), both the between-subject CoV and within-scan temporal SD were comparable in these 10 populations and lowest in the healthy adults (Figure 4d All three datasets showed zero difference when the pipeline was repeated twice on the same 20 system. When comparing OSes only -Linux-2018b vs Windows-2018b -the structural module 21 showed final voxel-wise differences of 0.77% pGM in NOVICE and 1.74% WMH in EPAD that 22 became negligible after our code modifications ( Figure 5 ). The ASL module differences were 1 smaller than 0.5%, except for the pGMASL (0.57-2.5%) and PV-corrected GM CBF (0.61-5.76%). 2 Both improved after modifications to 0-1.2% and 0.32-1.5% for pGMASL and PV-corrected GM CBF, 3 respectively, showing the impact of our modifications. The reproducibility between OS and 4 MATLAB versions -Linux-2018b vs Windows-2015a -showed satisfactory post-modification 5 reproducibility, e.g. pGMASL (0.47-1.79%) and GM CBF (0.57-1.77%) ( Supplementary Table 4 ). 6
Compared with the above-mentioned Linux-2018b vs Windows 2018b results this shows an 7 additional decrease in reproducibility when a different MATLAB version is used on top of different 8
OSes and/or systems. 9 1 Figure 4 . Transversal, coronal, and sagittal population average images for the three example populations: 1) NOVICE, 2 2) Sleep study, 3) EPAD (see Supplementary Table 3) In this manuscript, we reviewed many of the most salient ASL image processing choices, and their 2 implementation in ExploreASL version 1.0.0. We demonstrated the software's functionality to 3 review individual cases as well as population-average images for quality control. Our findings 4
show that between-center computing differences can lead to voxel-wise CBF quantification 5 differences of up to 5.7% on average for the total GM, which were reduced to 1.7% by addressing 6 implementation differences of complex floating-point operations between MATLAB versions and 7
OSes. This may especially be beneficial for multi-center studies or for pooling multiple ASL studies 8 to attain sample sizes required for the discovery of subtle (patho-)physiological perfusion 9 patterns. freely available software that performs well in a wide array of cases, rather than opting for 21 solutions with optimal performance in specific cases but not applicable in general. Still, the 22 modular structure of ExploreASL allows the replacement of some steps by solutions tailored for 1 specific datasets. ExploreASL is a versatile pipeline that performs well on a wide-range of diseases, including 10 datasets with lesions, allows flexible parameter definition, and a quick exploration of datasets 11 and QC images of each pipeline step in the same space. We made the pipeline available at 12 www.ExploreASL.com. We anticipate that ExploreASL will allow for more flexible collaboration 13 amongst clinicians and scientists, help to achieve the consensus standards for ASL processing 14 sought by the OSIPI, facilitate validation of ASL image processing approaches, and accelerate 15 translation to clinical research and practice. 
